ABSTRACT This paper investigates the high-frequency harmonic instability (HHI) and low-frequency oscillation (LFO) phenomena in high-speed railways, and proposes an active oscillation compensation method to mitigate these HHI and LFO. Such mitigation method introduces the input voltage oscillating components of grid side to the control loop of the grid-side converter, which helps to mitigate the voltage oscillation variables and restore the steady state of the train and traction network (simplified as ''trainnetwork'') system. From the perspective of train-network impedance, this paper proposes the train impedance models with and without the mitigation process. The generalized Nyquist analysis method is used to analyze the stability of the system with and without the mitigation. Finally, the mitigation method is verified by simulated and experimental data, to be capable of suppressing both HHI and LFO effectively.
I. INTRODUCTION
With the rapid development of high-speed railway systems and the significant increase of its passenger capacity, the safety of railway operation has become a hot topic. In recent years, many trains failed to operate normally due to the failure of high-speed railway power supply [1] . Most of those faults originated from the oscillation, which was caused by the coupling between the train and the traction network subsystems. According to statistics, the oscillation appears mainly in two categories. One case is HHI (ranges from hundred Hertz to kilohertz), which exists mainly in occasions involving a running train [2] . The train is regarded as a highfrequency harmonic source because of switching action of the grid-side converter based on pulse-width modulation (PWM). Such high-frequency components act as harmonic sources and then inject harmonics into the traction network. When the train is running, and if the harmonic frequency emitted by the grid-side converter in the train is in the range of the intrinsic frequency of the train-network system, the high-frequency harmonics will be amplified by resonance, hence harmonic resonance is initiated [3] . Moreover, if various controller parameters (voltage loop controller parameters, current loop controller parameters and phase-locked controller parameters) in the grid-side converter do not match the parameters of the grid, HHI will also be initiated. The amplified voltage and current produced during oscillation would lead to various problems, such as interferences to adjacent railway communication lines, erroneous operations of protective devices or total facility failures [4] .
The other case is LFO (ranges from 1 Hertz to several Hertz), which exists mainly in occasions involving a train in rail depot with its pantographs rised [5] . As the number of trains is increased, the overall impedance of the trains decreases, which results in mismatching between the impedance of the trains and the network, and leads to LFO [3] . Figure 1 shows the structure diagram of train-network system. When LFO happens, the voltage oscillation amplitude is larger, the protection logic of the grid-side converter of EMUs will be triggered, which results in traction blockade and makes the EMUs lose traction capability [6] , [7] . What's worse, the amplified voltage or current in the traction network would damage the various devices in the entire system easily, or even do harm to other trains which share a common traction network [8] .
As stated above, HHI and LFO in the power supply system endanger the safe operation of high-speed railways seriously. It has become a hot issue in current research about how to suppress them.
According to literature, there have been some mitigation methods dealing with HHI and LFO. In [9] , a method is proposed to mitigate the instability caused by HHI. The AC side filter of grid-side converter in the train is changed from L type into LCL type, to mitigate high-frequency harmonics. However such approach requires hardware change and increases the complexity of power circuit. It increases overall cost, and the LCL structure introduces a new resonance point, hence it implies higher instability of the system. The HHI mitigation method in [10] is realized by software scheme. A novel grid-side converter PWM scheme of RHEPWM, mitigates the high-order harmonics which are generated by the train. The research shows that modulation method reduces HHI effectively.
Other papers aim at the mitigation of LFO. In literature [11] , when a train is about to leave depot, the IGBTs in grid-side converter are turned off and grid-side converter operates as a diode rectifier to increase the equivalent train impedance to mitigate LFO. Such method is simple, easy to implement, and it does not increase the cost. However, in diode mode, grid-side converter cannot guarantee the stability of DC-link voltage. Literature [12] proposes a more reliable method. The traction transformer of power supply substation has been replaced with larger capacity and lower impedance to reduce the impedance of the 25kV side. The voltage oscillation is eliminated in this way. However, the overall cost of the system is increased significantly.
At present, the mitigation of HHI and LFO are carried out mainly by changing hardware or software, and these existing mitigation methods cannot mitigate HHI and LFO simultaneously [13] - [15] . Therefore, this paper is devoted to the study of active oscillation compensation methods, which are suitable to mitigate both HHI and LFO. The mitigation methods proposed here are more cost-effective and simpler in the software.
The layout of this paper is as follows: the impedance model of train-network is introduced briefly in Section II; the mitigation method is introduced in Section III, in this section the train-network impedance model with mitigation method is also analyzed; in Section IV, stability of the whole system with and without mitigation method is analyzed through Generalized Nyquist Analysis (GNA); in Section V, the effectiveness of mitigation method is verified through simulation and experiment; the conclusions are presented in Section VI.
II. THE IMPEDANCE MODEL OF TRAIN-NETWORK SYSTEM

A. THE IMPEDANCE MODEL OF TRAIN
The model of the train has been thoroughly introduced in our paper [3] , so only the conclusions that are needed by this paper are listed here as follows. The structure of the main drive system in the train is shown in Figure 2 :
The AC side impedance of grid-side converter is actually the impedance what the train shows to traction network.
In order to make the AC side impedance model of gridside converter to be more accurate, the modeling process is divided into the modeling of several parts: Voltage Synchronization System (VSS), Current Synchronization System (CSS), AC Current Controller (ACC) and DC Voltage Controller (DVC).
According to [3] , the impedance model of VSS is given as: 
As for CSS, it gives
As for ACC, it gives
By combining (1) with (2), it gives
As for DVC, it gives
Finally, the impedance expression of grid-side converter's AC side can be obtained to be
B. THE IMPEDANCE MODEL OF TRACTION NETWORK
The model of traction network is divided into two parts: the impedance part and the admittance part. Among them, the impedance part is [16] :
Where L s and R s are inductance and resistance of traction network. The subscript s represents traction network, d and q represents d axis and q axis. The angular frequency of the power frequency is ω 0 .
The admittance part is as follows:
Where C s is the equivalent capacitance of traction network.
The impedance of the network Z g is shown as below:
III. THE ACTIVE OSCILLATION COMPENSATION METHOD
The control block diagram of grid-side converter with active oscillation compensation is shown in Figure 3 . In Figure 3 , the active oscillation compensation is implemented by sampling the input AC voltage of grid-side converter. The values E d and E q are derived through dq conversion process, and they are DC quantities with oscillating components. E d and E q pass through the high-pass filter with the cut-off frequency of 1 Hz for the oscillating components (i.e. the H in Figure 3 ). Since such oscillating components appear in both high-frequency and low-frequency ranges, our mitigation method suppresses both HHI and LFO, simultaneously.
Based on our modeling method in paper [3] and the actual circuit of grid-side converter, the train impedance model with the proposed mitigation method could be given as follows:
Where i is the grid-side current, and the bridge arm voltage in grid-side converter is v. The actual value of modulated wave in dq axis is v c d and v c q . The superscript c represents the control quantity.
After PI regulation and decouple control of the current loop, the reference of modulated wave in dq axis can be obtained:
Where
s is the transfer function of current loop PI controllers, the subscript ref represents a VOLUME 6, 2018 reference value, and H (s) is the transfer function of H , which gives:
Where ω c is cut-off angular frequency. The actual output voltage in dq axis can be obtained by the delay of the reference voltage [17] .
is the delay module. By combining (10)∼(13) and in small signal form, it gives:
So:
Where:
Substitute equation (15) for equation (3) . The other parts of the impedance model are the same as the conventional model without mitigation method. The Bode diagram of the train admittance with and without mitigation method is shown in Figure 4 :
It can be seen from Figure 4 that the mitigation method have a greater influence on the admittance of the dd axis and theaxis, and the admittance of theaxis becomes more rounded.
IV. THE STABILITY ANALYSIS OF THE TRAIN NETWORK SYSTEM
The train-network equivalent impedance circuit diagram is shown in Figure 5 [18] . The variable e s is the traction network voltage in secondary side of traction transformer, Z g /k 2 s is the traction network impedance converted to secondary side of traction transformer, k s is the turns ratio of traction transformer, i s is the AC current of the train-network, Z tr is the train impedance, I c is the equivalent current of the train, V tr is the port voltage of the train.
According to Figure 5 , the expression of V tr can be obtained [19] - [21] :
Where Y tr is the train admittance, and n is the number of power units.
It is assumed that the train can run stably in an infinite grid, and the traction network can remain stable without any train operation. According to the Nyquist Stability Criterion, the stability of the system depends mainly on
Since Z g is composed of L g , the influence of network side inductance L g on the stability of the system is analyzed. A generalized Nyquist diagram of the system under different L g values can be drawn. A comparison for generalized Nyquist diagram with L g =4.3 mH is shown in Figure 6 :
It can be seen from Figure 6 (a) that the system changes from stable to unstable during the process of increasing L g . As can be seen from Figure 6 (b), without adopting the mitigation method, the eigenvalue trajectory of the system surrounds the (−1, j0) point, and the system is in an unstable state. After adopting the mitigation method, the system does not surround (−1, j0) point, and the system remain stable. The equivalent impedance is adopted here to see the change of the train impedance with and without the mitigation method by Bode diagram [22] - [24] .
In Figure 7 , taken L g = 0.315 H for example, before adopting the mitigation method, the equivalent impedance of the traction network is larger than the equivalent impedance of the train, when the frequency is lower than 10 Hz. The system is unstable. After adopting the mitigation method, the equivalent impedance of the trains is always larger than that of traction network, so the system is stable.
V. SIMULATION AND EXPERIMENTAL VERIFICATION
The simulation and experimental parameters are shown in table 1.
A. SIMULATION VERIFICATION
The effectiveness of the active oscillation compensation method is verified by simulation as shown below. When the traction network inductance is 4.35 mH, the phenomenon of HHI appears in the simulation, and the mitigation method is added at t = 1 s. The obtained simulation waveforms are shown in Figure 8 :
The simulation duration time is 7 s, which is not convenient for effect observation, so only the first 2 s of them are intercepted to see the changing trend. The FFT analysis of 30 cycles starting from 0.4 s is shown in Figure 9 :
The high-frequency resonance is obvious without obtaining the mitigation method, and the high-frequency harmonic contained in e s is as high as 24.01%.
The FFT analysis of the 30 cycles starting from t = 4 s is shown in Figure 10 :
As seen from the simulation, after adding the mitigation method at 1 s, the system become stable gradually, and the system can return to normal after 3 s. After 5 s, the THD of the voltage reaches as low as 0.94%. It can be seen that the mitigation method is effective.
When the traction network inductance is 0.315 H, the LFO phenomenon appears in the simulation, and the mitigation method is added at t = 1 s. The obtained simulation waveforms are obtained in Figure 11 :
It can be seen from Figure 11 that, there is a 4 Hz oscillation in the system before mitigation method is applied. However, the oscillation is effectively mitigated after t = 1 s. The FFT analysis of 30 cycles starting from 0.4 s is shown in Figure 12 :
The FFT analysis of 30 cycles starting from 1.04 s is shown in Figure 13 :
It can be seen from the simulation diagram that after the mitigation method is added at 1 s, the low-frequency oscillation portion of the system is reduced immediately, and the respective waveforms can be in a normal state finally. The mitigation method has a good effect on the both HHI and LFO, but there is a certain adjustment time when it is used to mitigate HHI.
B. EXPERIMENTAL VERIFICATION
The mitigation method was verified by semi-physical simulation using Typhoon HIL 602. Typhoon HIL 602 is the ultimate hardware in the loop system for test and verification of power electronics control systems. The picture of experimental console is shown in Figure 14 :
Typhoon HIL 602 has the corresponding software, in which the hardware loop is built. The DSP control chip is external. That is to say, the control part is the real object. Typhoon HIL 602 can be used to verify the control algorithm, and the waveform can be output by the scope. Since the output of the Typhoon HIL 602 is −5 V ∼ +5 V, it is necessary to reduce the actual traction network voltage e s , the traction grid current i s and the grid-side converter DC side voltage U dc . Due to limited experimental conditions, there is only one DSP control board, so only two power unites can be simulated. The parameters of the traction network can be modified to generate HHI and LFO of the train-network system. The following is a waveform diagram for verifying the HHI and LFO using the experimental equipment:
1) MITIGATION EFFECT WAVEFORM OF HHI
The waveforms with and without mitigation in HHI is shown in Figure 15 . Before point M, the mitigation method was not added in the system. The enlarged diagram is shown in scope A. It can be seen from the figure that the HHI of e s is large, and i s also resonances accordingly. The mitigation method was added at point M, and scope B is an enlarged diagram with mitigation. It can be seen from figure that the HHI of both e s and i s are suppressed. After adopting the mitigation method, the system can run stably.
2) MITIGATION EFFECT WAVEFORM OF LFO
The waveforms with and without mitigation in LFO is shown in Figure 16 . Before point M, the mitigation method was not added in the system. The enlarged diagram is shown in scope A. It can be seen that the LFO of e s is large, and U dc also oscillates accordingly. The mitigation method was added at point M, and scope B is an enlarged diagram with mitigation method. It can be seen that the LFO of e s , i s and U dc are suppressed immediately. The mitigation method makes the system work stably.
It can be seen from the above experimental waveforms that the proposed mitigation method can suppress both the HHI and LFO effectively.
VI. CONCLUSION
This paper first introduces the train-network impedance model briefly, and then, an active oscillation compensation method to mitigate HHI and LFO in train-network system is proposed. This mitigation method was adopted from the perspective of converter control. It introduces the input voltage oscillation variable of the train to the control scheme of the grid-side converter, which could help mitigate the oscillation variables and restore the steady state of the train-network system. The train-network impedance model considering the active oscillation compensation method was also calculated in this paper. The Generalized Nyquist Analysis method is used to analyze the stability of the system with and without the mitigation method. The mitigation method can make the generalized Nyquist diagram change from unstable to stable state, which theoretically proves the effectiveness of the mitigation method. Finally, the simulation and experimental verification are carried out. The active oscillation compensation method could provide theoretical guide for engineering practice. He is currently a Full Professor at Beijing Jiaotong University. Recent years, he presided over a number of national key scientific research projects and achieved fruitful results in the field of rail transit power supply, traction control, safety prediction and control, and so on. He published a book on power electronics and spent several months as a Visiting Scholar in the USA and Canada. His teaching activities and research interests include power electronics circuit and system, rail transportation traction control and safety, and so on.
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